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RESEARCHMEMORANDUM

TEMPERATURERECOV3RYFACTORSON

CONE-CYLINDERATMACHNUMBERS

A SLEKOER12°

FRCM3.0TO

6.3 ANDANGLESOFATTACKUPTO 45°

By JOhII O.Reller,Jr., andFrankM. ~er

SUMMARY

.

.

Recoverytemperaturesweremeasuredona slendercone-cylinder,having
a 12°vertexangleanda 1.25-inch-dia,metercylinder,atMachnumbersfrom
3.oatO 6.30. Theangle-of-attackrangewas0°to .45°atMachnumbersup
to 3.50,0°to 25°atMachnwber 4.23,and0°to 15° atMachnmibersfrom
5.04t0 6.30. Thefree-streamReynoldsnumbersvariedfrom1.8x106to
U.OX1(Pperfoot.A transversecylinderofthesamediameterwasalso
testedat 3.02Machnumber.At anglesof attackup to 10°,thetempera-
turedistributionvariedina complexmannerapparentlyinresponseto
changesinthelocationandextentoftheboundary-layertransitionregion.
Forlargerangles,theeffectsofadiabaticcompressionandflowseparation
becsmeprominent;resultantrecoveryfactorsbasedonfree-streamcondi-
tionsrangedfrom6 percentaboveto 7 percentbelowthosemeasuredat zero
angleofattack.A circwnferentialrecovery-temperaturepatternsimilar
to thatfora transversecylinderwasdevelopedonthecylindricalafter-
bodyat anglesofattackgreaterthan25°. InthehighReynoldsnumber
rangeofthisinvestigation,theaveragerecoveryfactor(basedon free-
stresmconditions)fortheentiresurfacedidnotexceedthatforzero
angleofattackby morethan1 percentforanglesofattackup to 35°.

Recoveryfactorsbasedonlocalstreamconditionsforlaminar
boundary-layerflow,at zeroangleofattack,wereinagreementwiththe
squarerootofthePrandtlnumberbasedonwalltmrperature,whilefor
turbulentflowthecuberootoftheFrandtlnumberestablishedanupper
limit. Comparedto thepredictionsofVanDriest,YoungandJanssen,and
TuckerandMaslen,thelsminarboundary-layerdataatMachnumbersgreater
than4 wereabout1 percentlowandtheturbulentboundary-layerdatawere
highby aboutthessmepercentage.Withincreasingangleofattack,recov-
eryfactors(basedonlocalflowconditions)onthewindwardmeridianof
theconicalnosegraduallydecreased,droppingat 45°to asmuchas 6 per-
centbelowthezera-angle-of-attackvalue.No significantvariationof -.
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recoveryfactorwitheitherMachnunherorReynoldsnumberwasobservedj
inregionsof eitherlaminarorturbulentboqiidary-layerflow,forthe
rangeof conditionsofthisinvestigation.u

INTRODUCTION —

Aerodynamicheatingisoneoftheforemostconsiderationsinthe
designofaircraftforflightathighsupersonicspeeds.Therecovery
temperatureisa controllingfactorintheheatingphenomenonsincethe
rateofheattransferisproportionalto thedifferencebetweenthis
temperatureandtheactualsurfacetemperature.Thepredictionofrecov-
erytemperaturesfora bodyofrevolutionatangleofattackisofpar-
ticularinterestbecausethisshapeoftenconstitutesa majorcomponent
of supersonicaircraft.Atpresentthereislittletheoreticalinfor-
mationonthisproblem,andexistingexperimentaldata(refs.1 and2)
areavailableonlyovera limitedMachnumberandangle-of-attackrange.

Thepurposeofthisinvestigations,t~en,toprovideexperimental
valuesoftemperaturerecoveryfactorsona slenderbodyofrevolutionat
anglesofattackfromzeroto 45° andatMachnumbersfrom3.0to 6.3.
Experimentalrecovery-factordataforthelimitingcaseofa cylinder
inclined90°totheflowarealsopresented.Themoresignificantresults
oftheinvestigationarediscussedbrieflyand,withtheaidof several
flowvisualizationmethods,arerelatedtoboundary-layerphenomena.
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staticpressure,lb/sqft

stagnationpressure,lb/sqft

dynamicpressure,~, lb/sqf%

v&&
Reynoldsnumber,— tiensionlessI& ‘

surfaceareaofmodel,sqft

absolutetemperature,%

resultantvelocity,ft/sec

distancealongsurfacemeasuredfrommodeltip,in.

angleofattack,deg

Te-T
temperaturerecoveryfactor,— dimensionless

Tt - T’

1averagerecoveryfactorforentiremodelsurface,-sJ W,m ‘s}
dtiensionless

circumferentialanglemeasuredfromwindwsrdmeridianline,deg

absoluteviscosity,lb-sec/sqft

massdensity,slugs/cuft
-%

Subscripts

t stagnationcondition

m free-stresmconditfonata locationinthetestsectioncorre-
spondingto themidpointofa testmodel

1 localconditionadjacenttothebodyattheouteredgeofthe
boundarylayer

e localconditionatthesurfaceofan insulated.bodyinthermal
equilibrium



4 NACARMA55G20

EQUIPMENTANDTESTPROCEDURE

WindTunnelandAwiliaryEquipment

Theexperimental”dataofthisinvestigationwereobtainedintheAmes
10-by lb-inchsupersonicwindtunnelatMachnumbersfrom3.0to 6.3.
Thistunnelis suppliedwithdryairatpressuresup to 6 atmospheresabso-
lute.AtMachnumbersabove4.2thesupplyairisheatedtopreventair
condensationinthetestsection.Detailsoftheconstruction,operating
range,andcalibrationofthewindtunnelmaybe foundinreference3.

A center-of-curvature-typeschlierenapparatusanda simpleshadow-
graphsystemwereusedinterchangeablytomakevisualstudiesoftheflow
aboutmodels.Additionalvisualevidencewasobtainedwiththevapor-
screentechniquedescribedinreferencek andthechina-claymethod
(ref.5).

TestBcdiesandInstrumentation

Thebasicbodyofthisinvestigationwasa 120 includedanglecone-
cylindercombinationofover-allfinenessratio12. Thisshapewaschosen
becauseitisrelativelysimple,henceenablingsomecomparisonbetween
theorysadexpertient.Teniperaturesandpressuresweremeasuredwith
separatemodels.A cylinderwitha length-to-diameterratioof5-1/2was
usedto obtaintemperaturedatainthelimitingcaseof90°angleof
attack.

Temperaturemodelsandmeasuringequipment.-Therecoverytemperature
wasmeasuredona modelofthebasicbodymadeofa free-machiningstain.
less steel. Exceptforaninaccessibleregicmnearthetipanda support
adapteratthebase,thewallthictiesswasa uniformO.0~ inch.With
thisthinwall,theheatcapacityofthemodelandtheheatconduction
withintheshellwereminimized.Thirtycopper-constantanduplexthermo-
couplewiresweresolderedintoholesthroughthesurfaceina plane
passingthroughtheaxisof symmetry(meridianplane)as shownin fig-
urel(a).Theoutersurfaceofthemodelwasthenpolishedto a finish
ofabout10microinches.A thinlayer(<0.~05 inch)ofhardchromium
waselectroplatedonthesurfaceandthemodelwasagainpolishedtothe
samefinish.Theresultwasa highlypolishedanddura%lesurface(see
fig.2).

Thecylindermodelhada shellthicknessof0.013inch(seefigs.l(b)
and2)andwasconstructedinthesamemannerasthecone-cyltider.
Twenty-fourthermocouplesweredistributedalongtwoopposingelementsof
thecylinderandintwocircumferentialplanesas showninfigurel(b).

.
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Theoutput voltages of all modelthermocouplesweremeasuredona record-
ing,self-balancingpotentiometer.

Thecone-cylindermodelwassupportedfromthebaseby variousdouble-
bentstingswhichpositionedthemidpointofthemodelonthewind-tunnel
centerlineatapproximatelythesameaxialstationforallanglesof
attack.Thecrossflowcylinderwasheldatbothendsina forklikesup-
port. Typicalsupportassembliesareshownin figure3.

Reservoirtemperatureswereindicatedby 19 copper-constantanthermo-
couplesdistributed,inoneplane,overthecross-sectionareaofthe
wind-tunnelsettlingchsmber.outputvoltagesofthesethermocoupleswere
measuredonan indicating,self-balancingpotentimneter.

To evaluatetheeffectontest-sectiontotaltemperatureofheat
transferatMachnumibers5.0and6.3fromtheheatedairstreamtothe
tunnelwalls,especiallyinthevicinityoftheminimumsection,a shielded
totaltemperatureprobesimilarto thatofreference6 wasused. Thebody
oftheprobewasstainlesssteel,whilethehemisphericalsupportwas
micartaandthethermocoupleleadwastemperature-insulated.Thermocouple
voltagewasmeasuredwitha manuallyoperatedprecisionpotentiometer.No
effectofheattransferontest-sectiontotaltemperaturewasindicated,
therebeingnegligibledifferencebetweenthemeasuredtotaltemperature., andtheaveragereservoirtemperature.

. Pressuremodelandmeasuringequipment.-Thesurfacepressureswere
measuredona modelofthecone-cylindersimilarin constructionto that
usedforthetemperaturemeasurements.Wallthiclmesswasa uniform0.025
inch,ad thirtyO.O@-inch-diameterpressureorificeswerespacedalong
oppositemeridianlinesintheswnelocationsas showninfigurel(a).
Pressuresabove7 centimetersofmercuryweremeasuredon conventional
U-tubemercurymanometers,whilelowerpressuresweremeasuredwithMcLeod
typemercurymanometers.Reservoirpressurewasmeasuredwitha sensitive
Bourdontypepressuregage;staticanddynsmicpressuresinthetestsec-
tionweredeterminedfromwind-tunnelcalibrationdataandthereservoir
pressure.

Pressureswerenotmeasuredonthetransversecylinderinasmuchas
representativedatawereobtainablefromothersources(see,e.g.,ref.7).

TestProcedure

Modelsurfacetemperaturesat eachtestconditionwerecontinuously.
recordeduntilthedifferencebetweensuccessivereadingsforallthermo-
coupleswasequalto or lessthantherepeatabilityoftherecording

. equipment.At thistimeseveralsetsof equilibriumdataweretaken.
Likewise,.modelsurfacepressureswereobservedat shortintervalsof
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timeuntilthedifferencebetweensuccessivereadingswaswithinthe
measuringaccuracy.Equilibriumpressureswerethenrecorded.

Datawereobtainedin severalmeridianplanesby rotatingthetest
modelrelativeto itssupport.Wind-tunnel.flawblockagewasthelimit-
ingfactorinhighangleofattack,highMachnumberoperation.Data
wereobtainedatanglesofattackup to 15°foralltestMachnumbers,
up to 25°forMachnumbersof3.02through4.23,andup to 45°forMach
numbersof3.02and3.50only.Testingofthe90°crossflowcylinderwas
restrictedto & = 3.02.Free-stresmReynoldsnumbersvariedfrom1.8x10e
to ll.OXIOeperfoot.A summaryofthetestconditionsformodelswith
polishedsurfacesis givenintablesI andII.

Limitedtemperaturedatawereobtainedwiththecone-cylindermodel
fortwotypesof surfaceroughness,onetypebeinga distributedroughness
oftheorderof0.0003inchinheightandtheothera localizedroughness
consistingoftwo0.020-inch-dianeterwirerings(1/~inchspacing)about
1/2inchfromthetipofthemodel. .—

INTERPRETATIONANDACCURACYOFTESTRESULTS

InterpretationofVisualEvidence

Sparkshadowgraphpictures(5-microsecondsexposure)weretakenin
the L9= 0°and1800,andgo”and270°,plati~sto aidintheanalysisof
thesurfacetemperatureandpressuremeasuraents.Boundary-layercon-
dition,whetherlaminarorturbulent,andtheapproximatelocatlonofthe
transitionregionweredeterminedfromthesepictures.atho~h s~e evi- _
denceofthecharacteroffluwin separatedregionscouldalsobe deduced,
betterdefinitionof separatedflowwasobtainedina similarsetof
schlierenphotographs(6-millisecondsexposure).Toprovideadditional
informationontheregionof separatedflowjtwoothervl.sualmethods,the
vapor-screentechniqueandthechina-claymethod,wereemployed.

ReductionofTemperatureData

Themeasuredsurfacetemperaturesarepresentedintheformoftemper-
aturerecoveryfactorsbasedoneitherfree-streamorlocalflowcondi-
tions.Preferen$::sTgiventorecoveryfactorsbasedonfree-streemcon-
ditions,~r,m=

Tt - T:’
sincetheyprovidea directmeasureof surface

temperaturesin separatedaswellasnonseparatedflowregionsandare
notinfluencedby theerrorsinherentinthedeterminationoflocalflow
conditions.Theassumptionismadethatsurfacetemperaturesareessen-
tiallythessmeaswouldexistona perfectlyinsulatedbodyinthermal

.

.-

.

-.

.

-.

.

“

-—

—

.

.



NACARM A55G20 7
.

equilibrium.Deviationsfromthisassumedconditionarediscuss~dinthe
. - TZ

sectiononaccuracyofresults.Localrecoveryfactors,~,z = ~Tt - Tz’
areusedprimarilyto evaluatetheeffectofangleofattackonlocal
boundsry-layertemperatureconditionsinregionsofnonseparatedflowand
toprovidea basisforcomparisonofthedataofthesetestswiththose .....
ofpreviousinvestigations.

Thedeterminationof localrecoveryfactorrequiresa knowledgeof
localMachnumber.LocalMachnumbersaroundtheconicalnoseweredeter-

.-

minedby thefollowingmethod:Theratioof stagnationpressuresacross
thenoseshockwaveinthe 8 = 0°planewascalculatedfroma measurement
oftheshock-waveangletakenfroma shadowgraphpicture.Thisratiowas
usedin conductionwiththemeasuredwind-tunnelstamationpressureand
surfacestaiic
Thismethodis

pressuresto calculatethelocalMach%mber d~stribution.1
knowntobe applicableinregionsofnonseparatedflow.

ReductionofPressureData

Surfacepressuremeasurementsarepresentedintheformofpressure
coefficientswherefree-stresmstaticanddynsmicpressuresweretaken
fromthewind-tunnelcalibrationdata(ref.3). Thefree-stresmstatic

. pressureusedwasthatoftheundisturbedstreamatthelocationofthe
modelsurfacepressureorifice,whilethedynsmicpressurecorresponded
to theundisturbedstreamvalueatthelocationof ‘- “- “ ‘ - ‘.
model.

AccuracyofTestResults

Themodelsupportsystemwascalibratedfordeflectionby applying
staticloadsto simulateestimatedliftforces.Theresultantuncertainty
inangleofattackisestimatedtobe +O.lO.Thelongitudinallocation
oftheboundary-layertransitionregionfromshadowgraphpicturesgener-
allyisknownwithin@2 inch,whilethelocationof separationby the
china-claymethodis estimatedwithan absoluteerrorin circumferential
angleoflessthan+8°.

Modelsurfacepressuresandwind-tunnelstagnationpressureswere
measuredwithan erroroflessthan*1 percent,whilefree-streamstatic
anddynamicpressures(fromwind-tunnelcalibrationdata)areof similar.
precision.A smalladditionaluncertaintyis inherentinthepressure

%his calculationderivesfromthefactthatforthisbodytheentropy. onthesurfacejustoutsidetheboundary-layerisessentiallyconstantand
equalto theentropyintheplane 6 = 0° (see,e.g.,ref.8).
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data,sinceno correctionwasmadeforstresmangleorMachnumbergra-
dientsinthetestregion.” As a result,theestimatederrorinpressure
coefficientvarieswiththemagnitudeofthemeasuredsurfacepressure
and,to a lesserextent,withthefree-stre~Machn~ber~ Thus,inthe
vicinityofthehighestmeasuredsurfacepressures(highanglesofattack
inthelowldachnumberrange),theprobableerrorinpressurecoefficient
foralltestconditionsdoesnotexceed*0.014.Thecorrespondingerror
inthelowpressurerangeiskO.004.Thesevaluesareingeneralsomewhat
highsincewithincreasingfree-streamMachnumbertheprobableerror
decreasesto abouthalftheforegoingestime_t.es. —

-.

TheprecisionofthecalculatedlocalMachnuniberisdependentonthe
accuracyofbothsurface-pressureandshock-wave-anglemeasurement.On
thisbasistheprobableerrorinlocalMachnumberis*0.03.

Theaccuracyofrecoveryfactorsbasedon free-streamconditionsis
influencedby thevariationofMachnumberinthetestsection,theuni-
formityandstabilityof settling-chambertemperatures,theprecisiontith
whichtemperaturemeasurementsweremade,ad thelocalheatconduction
throughthemodelshell.Theprobableerror.infree-streemrecoveryfactor
fromthefirstthreesourcesis*0.3percent.Theeffectof shellconduc-
tionontheaccuracyoffree-streamrecoveryfactorswill,inalllikelih-
ood, bemostpronouncedinthoseareaswhereaerodynamicheat-transfer
ratesare..relativelylow. A numericalanalysisoftheconductioneffect
inregionsoflowvelocityflow(lowheat-transferrates),suchasnearthe
G = 0°meridianathighanglesofattackandin separatedflow,indicated
thatthemostcriticallocationsarethosewherelargechangesoftempera-
turegradientoccurmd wheretemperaturesareata maximumorminimum.
Thus,thenestseverecaseencounteredinthisinvestigationwasinthe
vicinityofthestagnationpointonthetransversecylinder.At this
locationtheexperimentaldata,whichareingoodagreementwiththe
resultsofthenumericalanalysis,indicatea conductionerrorofabout
1.2percent(thedeviationfrom qr,m= 1.00)inthemeasuredrecovery
factor.Similarly,thesubstantialtemperaturegradientchangesthat
occuronthecone-cylindermodelat u > 13°canintroduceerrorsof
almost1 percentinthevicinityofthe e =—00meridian.Theestimated
errorsat smalleranglesofattackandin separatedflowregionsexeless
than1/2percentastheresultof shellconduction.Thus,whilein certain
localizedregionsfree-streamrecoveryfactorsmaybe sub~ectto a probable
errorfrom..allsourcesofabout1 percent,ingeneral,theprobableerror
isabout1/2percent.

Recoveryfactorsbasedonlocalflowconditionsaresubjectto an
additionalerrorinthedeterminationofthelocalMachnumber.However,
itisdemonstratedinfigure4 thata sizablerelativeerrorinlocal
Machnumberwillreflecta smallrelativeerrorinlocalrecoveryfactor,
andfurther,thatthiserrorisreducedastheMachnumberincreases.The
effectof shellconductiononlocalrecoveryfactorsisalsoillustrated
infigureh whereit is seenthaterrorscanbe sizableinlocalized

—
.

.

.
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—
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regionsofmax5mumorminimumtaperatures.Exceptforthisshellconduc-
tionerrorat largeanglesofattack,theprobableerrorinlocalrecovery
factoris lessthsm*1percent.

PRESENTATIONOFRESULTS

VisualEvidence

Thephotographspresentedin figures5 through8, for & = 3.02,are
representativeoftheresultsobtainedwiththefom flo’w-visualization
methodsusedinthisinvestigation.Figure5 isa groupof shadowgraph
pictureswhichshowsthelocationofboundary-layertransitioninthe
6 = 0°and1800planeonthecone-cylindermodel.Figure6isa similar
groupof schlierenphotographswhich.illustratesthecharacterof flow
separationregions.Thecircumferentiallocationoftheflow-separation
line is seeninthechina-clayphotographsof figure7,whilethevapor-
screenphotographsoffigure8 showflowseparationin a planeperpendicu-
lartothewind-tunnelaxis. Notethatparts(a)through(c)of figure8
arephotographsoftheflowtakenfroma downstreaml~cation,while
part(d)isa viewfromanupstreamposition.

TemperatureDistributions
.

Themainbodyofrecoverytemperaturedataispresentedinfigures9
through13as a functionoflongitudinalandcircumferentialpositionon
themodel.Unlessotherwisestated,allthedatashownintheseandthe
subsequentfiguresareforthebasiccone-cylindershapeandarebasedon
free-streamconditions.Figures9 snd10 showthelongitudinalvariation
of free-streamrecoveryfactoronthe ~ = 0° and1800meridianlinesfor
allMachnumbersovertheangle-of-attackrange(toretainclarity,the
dataat largeanglesofattackareshownseparatelyin fig.10). Repre-
sentativevariationsOf ~r,m alongothermeridismssreshowninfig-
ure11,whilecircumferentialdistributionsof qr~ at selectedcross
sectionsappe= infigure12. (Itwillbe notedt~atfig.12presents
datawhicharenotshownin fig.11.) Theresultsforthetransverse
cyltiderareplottedinfigure13.

Figures14,15, and16 illustratesomeeffectsof streamReynolds
numberandMachnumberonrecoveryfactor>andfigure17 showstheeffect
ofmodelsurfacefinishandisolatedroughnesselementsonrecove~factor.

Representative
cone-cylindermodel

PressureDistributions

pressuredataareshownin figures18 and19 forthe
at a freestresmMachnumberof3.02.Pressure
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.

coefficientisgivenasa functionof e bothonthecone andatthemid- .
pointofthecylindricalafterbodyforanglesofattackup to ~“. C!om-
parieonismadewiththesecond-ordertheoryofStone(refs.9 through12) -
andtheinclined-bodyapproxbnationofAllen(ref.4).

SummaryFigures —

Figure20presentsthelocationoftheendofboundary-layertransi- —
tionasa function.ofangleofattackatMachnumbersfrom3.02to 4.23.
Twoindependentsetsofdataareshownon”thefigure;onesetwasobtained
fromthelongitudinalrecovery-factorpatternsoffigures”9and10,while
theotherwastakenfroma seriesof shadowgraphpicturessimilarto
thoseoffigure5. No curveshavebeenfairedthroughthedata,since
thisfigureisusedonlytoillustrategeneraltrends.Figure21present~
theestimatedcircumferentialangleofflowseparationatthemidpointof
thecylindricalafterbodyasa functionofangleofattack.Thisinfor-
mationprovidesthebasisfora qualitativecorrelationoftemperature-
distributionpatternswithflowseparation,Separationpointsweredeter- .
minedfromchina-clayphotographssimilarto-thoseof figure.7andfrom
surface-pressuredistributions.Thelatterdataaretheresultof com-
parisonsbetweenexperimentalandtheoreticalpressuredistributionsas v
illustrated,forexsmple,by figures18and19. specifically,a deviation ‘- -
oftheexperimentaltrendfromthetrendofthetheoreticalcurve(i.e.,a
decreasingrateoflee-sidepressurerecovery)wasassumedto.indicatethe .
approximatelocationofflowseparation.

Recoveryfactorsat.twoaxiallocations,-oneontheconeandoneon
thecylindricalafterbody,areshownasa functionofangleofattackin
figure22,whileinfigure23anaveragerecoveryfactor(area-weighted
averageforentiresurface)ispresented.

ThevariationoflocalMachnumberontheconewithangleofattack
andcircumferentiallocationisgiveninfigure24fora free-stresmMach
numberof3.50.LocalMachnumberscomputedfromsurfacepressuresand
noseshock-wavemeasurementsarecomparedwiththosepredictedby the
Stonetheory.

Recoveryfactorsbasedonlocalstreemconditionsaregiveninfig-
ures16,25,and26. Figure16 showsthevariationoflocalrecovery

.-

factorwithaxiallocationonthemodel,“atzeroangleofattack,for
regionsofhminar-boundary-layerflow. In figure25,localrecovery
factorontheconeisplottedasa functionofangleofattackandcir-
cumferentiallocationfor ~ = 3.50.LocalMachnumberistheindepend-
ent’variableinfigure26,wherethezero-angle-of-attackdataofthis
investigationarecomparedwiththeoreticalpredictions.

.
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DI~USSIONOFRESULTS

Recoverytemperatureis obtafiedonan insulatedsurfacewhena
balanceisreachedbetweenthegenerationofheat,duetoviscousdissi-
pationandcompressionofair,andtheremovalofheatby conductionand
convectionwithtntheboundarylayer.(Radiantheattransferispresumed
negligible.)Itmightbe expected,then,thattherecoverytarperature
wouldbe considerablyalteredby largeboundary-layerchangessuchas
occurovertheangle-of-attackrangeofthisinvestigation.Thetempera-
turerecoveryfactorsdldjinfact,varysubstantiallywithangleof
attack,exhibitinga behaviorthatwasapparentlya responseto several
distinctphenomena.Inthefollowingdiscussionconsiderationis given
to someofthesephenomena.

RecoveryFactorsBasedonFree-StresmConditions

Smallanglesofattack.-Temperaturerecoveryfactorsontheforepart
ofthemodelat anglesofattackfrom10 to 7°aremarkedlyhigherthanat
zeroangleofattackas seeninfigure9. ThiBresultisrathersurprising
andto someextentthereasonsforitarenotunderstood.It hasbeen
observedinpreviousinvestigations,however,thattransitiononthelee-
wardsideofa bodymovesforwardwithincreasingangleofattack.T.hiS
movementoftransitionisverylikelydueto theupwashoflow-kinetic-
ener~boundary-layerairfromthewindwardside.Althoughthedataof
thisinvestigationshowa similarforwardmovementoftransition(see
fig.20)itisnotat allclearthattheeffectofupwashcouldbe so
pronouncedat smalla, say1° or 2°. Thewindwardsiderecovery-factor
riseisthoughttobe due,inpart,to a forwardmovementoftransition
as a resultof contaminationfromthelee-sideturbulentboundarylayer,
withturbulencespreadingcircumferentiallyas itiswasheddownstream
afterthemannerproposedinreference13.2 (Notethatthecalculated
effectofheatconductionthroughthemodelshell.ismuchsmallerthan
thisobservedxecovery-facto~rise-.]Asidefromtheeffectoftransition
movaent,thereisemapparentincreaseofrecoverytemperatureinregions
ofpredominantlylaminarflow,as seenin figure10(e)overthefirst
6 inchesofthemodel.A smallportionofthisincreasecouldresult,

?Exceptfor ~= 3.02,thiseffectisnotseeninthetransitiondata
of figure20,wherethechangeinappearanceoftheboundsrylayeron
shadowgraphpicturesis cmnpared,asto location,withtheendofthetran-
sitionregiondeterminedfromlongitudinalrecovery-factordistributions.
Thedifferencebetweenthetrendof figure20 andthatdiscussedhereis
attributedto the“stretchingOut’rofthetransitionzoneasmentionedin
thenextparagraph.Forfurtherdiscussionoftransitionseea latersec-
tionentitled“CorrelationofTemperaturePatternsWithBoundary-Layer
TransitionandSeparation.”
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of course,fromthechangeinlocalMachnumber;theremainderisnot P
understood.A similarbehavioris shownby thedataofreference2.

Coupledwiththisobservedincreaseofrecoveryfactorinthel.aminar
regionsmdtheapparentforwardmovementofthestartoftransitionisa
considerable“stretchingout”ofthetransitionzoneonthewindwardside
ofthebody. Thisismostclearlyshowninfigure9(c)wherethechange
ofslopeofthecurvesandtherearwardmoveiaentofthepointofmaximum
recoveryfactorwithincreasingangleofattackcanbe seen.Thisdelay
oftrsmsitionto fullyturbulentflowprobablyresultsfromtheremoval
of low-kinetic-energyboundary-layerairfromthevicinityofthe 6 = 0°
meridianby thecrosscomponentoftheflow.

Largeaaglesofattack.-As theangleofattackapproaches10°,there
isa tendencyforrecoveryfactorsalongthewindwardsideofthebodyto
decrease(e.g.,fig.10(a)).Thisisattributedto a returntomorenearly
lsminarflowastheinfluenceofcrossflowboundary-layerremovalbecomes
morepronounced.As theangleis increasedbeyond10°,recoveryfactors
onthewindwardsidebegintoriseas a resultofadiabaticcompression.

Therecovery-factordistributionaroundthemodelfollowsno obvious
patternforanglesofattackbelow15°,becauseoftherelativelylarge
influenceoftransitionalboundary-layerflow(seefig.12). Itwillbe
noted,however,thatin somecaseslee-siderecoveryfactorsapproaching
thebaseofthemodelareasmuchas 0.02?to0.05higherthantheopposite
sideat a = 10°. (Inref.1 thiseffectwasattributedtotheproximity
ofvortexcentersintheseparatedflow.)At anglesofattackofabout .
15°thereappearcircumferentialdistributionsinwhichthemaximumrecov-
eryfactorisonthewindwtidmeridianandtheminimtiisonthelee
meridianofthemodel.Foranglesofattackabovego thesecharacteristic
patternsevolveintoa distributionsimilartothatobtainedonthetrans-
versecylinder,namely,thattheminimumvalueoccursinthevicinityof
theseparationlineas showninfigures12(a)and12(b).

Figure22 summa?izesthevariationofwindwardandleewardrecovery
factorswithanglesofattackto 45°. To retainclarity,onlyrepresenta-
tivecurvesareshown.Recoveryfactorsat anglesofattackto 10°are
generallyfrom1 to 4 percenthighertha thoseat,thesamelocationat
a= OO. As angleofattackisincreasedto 45°, windward-siderecovery
valuesriseto about0.95.In contrast,lee-aidevaluesreachminimums
at a = ~“ to 35°whichareasmuchas7 percentbelowthoseat a = 0°,
witha subsequentincreaseat largeranglesofattack.

—

Forthelimitingcaseof a = 90°(seefig.13)a recoveryfactorof -
about0.9gwasmeastiedonthestagnationline(asshownearlier,shell
conductioninthiscriticalregioncausedthedeviationfr~ ~r,g= 1.00) .
whilea minimumofabout0.89 occurredinthevicinityof 0 = 90 .
Althoughthelee-sidevaluesofthepresentinvestigationwereconsiderably
higherthanthosereportedinreference7 (respectively,0.95 and0.89 at .

,
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? e = 1600),a significantdifferencebetweenthetwotestswastheReynolds
number,whichwaslargerby a factorof8 inthepresentinvestigation.

.
Theaveragerecoveryfactorsplottedinfigure23arearea-weighted “

valueswhichsummarizetheeffectofangleofattackon thetemperature
leveloftheentirebody.sIt isappsrentthatthevariationspreviously
discussedareof sufficientmagnitudeto affecttheover-alltrend.Thus,
foranglesofattackup to 10°,theeffectoflee-sidetemperaturerise
disappearsatMachnumbersabove3.50(generallydecreasedReynoldsnumber)
andthesmall-anglelsminar-boundary-layereffectbecomespredominant.
For10°<a < ~“ thereisa generaldecreaseofaveragerecoveryfactor
which,inthelowMachnumberrange(highReynoldsnumber),resultsin
minimumvalueswhicharelessthantheaveragesat ~ + 0°andwhichdo
notexceedthezero-anglevaluesforanglesof attackup to 35°.

EffectofReynoldsnumberandsurfaceroughness.-TheReynoldsnu?iber
effectsencounteredinthisinvestigationwere,inthemin~ efid~cedby
changesinthelocationandextentoftheboundary-layertransitionregion.
Theseeffectswerenotconfinedtothewindwardsideofthebodybutwere,
to a lesserextent,alsoshowninregionsof separatedflowonthelee
side.In a samplecomparisonshownin figure14,a reductioninReynolds
numberfrom11.0to 4.2millionperfootloweredwindwardmeridianrecov-
eryfactorsby about2 to 4 percentsPr~ilY as a resultoftheaft

. movementofthetransitionregion.Correspondingleewardvaluesdxopped
from1 to 2 percent.Thisfeaturewasalsonotedinthecomparable
transverse-cylinderdataof figure13,asmenti~ed~ thePrevioussec-

. tion. OthereffectsofReynoldsnumiberincludea smalldecreaseofrecov-
eryfactorwithlengthofrunthatwascharacteristicofbothlsminarand
turbulentflow,and,as sliownfore-pie infiwe 152~ increasedlen@h
ofruninthetransitionregioninresponseto a reductionin stream
Reynoldsnumber.Thedataalsoappearto showthat,forlaminar-boundary-
layerflow,largerrecovery-factorvariationsoccurredinthelowReynolds
numberrangeofthisinvestigationinresponsetoMachnumberchanges.An
exsmpleofthiseffectispresentedinfigure16,whererecoveryfactors
ontheforepartofthemodelshowa pronouncedMachnumberresponseat
R= 4.2millionperfoot,comparedtothesmallchangeat R = 8.6million
perfoot.Thiscouldbe due,inpat, to a decreaseof effectives~face
roughnessas a resultofincreasingboundary-layerthicknesswithMach
number. Furtherinvestigationisnecessaryto establishtheextentof
thisinfluencein lowReynoldsnmber flows.

Theeffectof surfaceroughnessonrecoveryfactoris shownin fig-
ure17. Thesquaresymbolsrepresentrecoveryfactorsfora surfacewith
distributedroughnesselementsoftheorderof0.0003inchinheight,
whilethediamondsymbolsaredatafora localizedroughnessconsisting
oftwo0.020-inch-dismeterwirerings(1/4-inchspacing)locatedabout
1/2inchfromthetipofthemodel.Comparisonoftheseresultswiththe

‘Anglesofattackfrom10 to 4°me omittedbecauseofinsufficient
. data.
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dataobtainedwiththepolishedsurfaceshows,as expected,thatroughness
causesa forwsrdmovementoftransitionatboth a = 0°and15°. The
effectsofroughnessaresimilarforboth0°and15°angleofattack, .—.

althoughtherecovery-factorriseis somewhatlesspronouncedat a = 15°
for& = 4.23and5.04.Thereareindicationsthatroughnessmaylower
recoveryfactorsinturbulentregions,inparticularas showninfig-
ure17(a).Italsotendsto ‘washout”thedistinctivesharptemperature
risenormallyassociatedwiththetransitionregion.An interestingfea-
tureisnotedinfigures17(b)and(c),wherethedecreaseofrecovery
factorfora shortdistancedownstreamofthelocalizedroughnesssuggests
thatthedisturbanceintroducedby theroughnessispartiallydampedby
theboundarylayerandthattransitioniscompletedsomedistancedown-
stream.Thisbehaviorisinageementwiththeexperimentalresults
reportedinreference14,whereit isshownthatroughnesselementssmaller
thana criticalsizepromotetransitioninregionsdownstreamoftheele-
mentlocation,ratherthanattheelement.

CorrelationofTemperaturePatternsWith
Boundary-LayerTransitionsndSeparation

Therecoverytemperaturesona bodyofrevolutionatangleofattack
havebeenstatedtobe significantlydependentuponseveralcharacteristics.
oftheboundaxy-layerflow.Thelocationandextentofboundary-layer
transition,theupwashofairoflowkineticenergyfromwindwardto lee-
wardside,thelocationoftheflowseparationpoint,andthephenomena .
associatedwiththeseparatedflow~e severalofthemoreimportantfea-
turesthathavebeenmentioned.Theobservedrecovery-factorvariations
havebeenrelatedto thesefeaturesby thefourflow-visualizationmethods.

Boun&rY-layertransition.-Forthemostpart,transitioneffectshave
beenrelatedtotheobservedtemperaturepatternsinthepreviousdiscus-
sion.Thegeneraltrendoflongitudinaltransitionlocationwithangleof
attackhas,however,receivedonlypassingmention?Now,itisrecognized
thatboundary-layertransitionisnota stationaryphenomenon;infact,
thereisampleexperimentalevidencethatitisa time-dependentcomposite
ofa largenumberofturbulent“bursts.!’Consequently,theevidenceof
transitionobtainedfromsurfacetemperaturesandshaduwgraphpictures
representssomeaverageormostprobablelocationoftransition.It*S
foundthatat smalltomoderateanglesofattack,a roughcomparisoncould
be madebetweentheshadowgraphindicationendthatsegmentofthe
recovery-factorcurvejustaftofthepeakvalue.4Thus,infigure20
thelocationoftransitionis seentomoveforwardontheleesideand

.—

aftonthewindwardsidewithincreasingangleofattack.At a ~eater
than10°thereisanapparentreversaloftrendonthewindwardside,with .
transition(asdefinedherein)movingtowardthenose.

4A similarcomparisonoftemperaturedataandschlierenphotographs
inreference14 showedaareementatthelocationoftheDesktemperature.

.
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Thereremainsthe
influencedby theflcnt.

k%awaaww 15 “

possibilitythatthesetransitiondataarebeing
expansionattheshoulder,ina mannersimilarto

thatdeseribedinreference15. Itwasfoundthereinthata strongflow
expansion(~” includedanglecone-cylinder)resultedinthegrowthofa
“new”laminarboundsrylayerbehindthejuncture.However,fromexamina-
tionofthepresentdataitisapparentthattherelatively weaker shoulder
flowexpansionsofthepresentinvestigationweretooweakto causea simd.-
larbehavior,although@st a suggestionofthiseffectmaybe seenat
0 = 180°in figure9(c).Hence,althoughrecoverytemperaturesintransi-
tionzonesmayhavebeenslightlyinfluencedby theflowexpansionatthe
shoulder,it isbelievedthatthelocationofthetransitionzoneisnot
significantlyalteredandthatthepresentresultsarerepresentativeof
slenderbodies.

Boundary-layerseparation.-Thecircumferentiallocationofboundary-
layerseparationas a functionofangleofattack,showninfigure21,is
forflowconditionsatthemidpoint(lengthwise)ofthecylindricalafter-
body. Separationmovedrapidlyaroundthebodyasangleofattackwas
increasedto about10°. Withfurtherincreaseinangleofattacktherewas
relativelylittlechange.A roughcorrelationexistsbetweenthelocation
oftheseparationlineandcertainfeaturesoftherecovery-factordistri- .-—

butionsshownin figure12. At anglesofattackaboveabout15°eithera
. definitedecreaseincircumferentialrecovery-factorgradientora minimum

recovery-factorvalueisassociatedwiththeseparationpoint.A tentative
conclusionbasedonthechina-claystudiesisthattheseparatedflow

. region,for a from10°to 250,isby nomeansa “deadair”orlow-
velocityregion.In fact,itappearsfromthedryingpatterns(e.g.,
a= 15°infig.7)thattheheat-transferrateto thesurfaceonthelee
sideofthemodelis ofconsiderablemagnitude.

It isalsointerestingtonotethatsomeofthevariationsobserved
inlee-siderecoveryfactors(fig.12)canbe associated”withthedifferent
separationflowpatternsshowninfigures6 and8. Foranglesof attack
lessthan15°,wheretheeffectofboundary-layertransitionontempera-
turedistributionsisrelativelylarge,thereistheflowvisualizedin
figure8(a)atan angleofattackof10°. Herethereisthickeningofthe
boundarylayerontheleesidewithsomesepmatedflowthathasnotbroken
freeofthesurface.At a = 15°,wherelee-siderecoveryfactorshave
startedto drop,thereistheflawindicatedinfigure8(b)wherethe
vorticeshavebrokenfreeofthemodelbutarestillsymmetrical,whileat
a= 25°(fig.8(c))thevorticeshavefallenintoa vortex-streetpattern.
!Chislastconditioncorrespondsto theminimumrecoveryfactoronthelee
sideofthemodels At a = 350,wherethetemperaturepatternisassuming

‘Onecharacteristicoftheseparationvortexpatterndeservesmention.
At a= 25°a certainflowinstability,as a functionoftime,wasobserved
to occur.Thepatternof figure8(c)wasapparentlya semi.steadyconditim
whichwasfrequentlyinterruptedby alternatesheddingofvorticesinwhat- mightbe termed“bursts.tiFrequencyorlengbhof “burst”periodswasnot
determined.
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characteristicsoftransverse-cylinderflow,thevortexstreetdisappears
and,as showninfigure8(d),isreplacedby a deadairspacefollowedby
a turbulentwake.

RecoveryFactorsBasedonLocalConditions

Effectofangleofattack.-A representativevariationofrecovery
factorbasedonlocalstreamconditionswithangleofattackandcircum-
ferentiallocationis shownin figure25. Thedataarebasedontheexper-
imentalMachnumberdistributionsof figure24andarepresentedbothas
measuredandas correctedforshellconductionerror.Recoveryfactorson ‘-
thefree-streambasisarealsoshownforc~parison.With&creasing~gle
ofattackthecorrectedlocalrecoveryfactordecreasesfromabout0.86at
c.t=OOto0.81st ~= 45°,whilefree-strekrecoveryfactor,in contrast,
increasesfrom0.86to 0.93overthesameinterval.Thevariationof
recoveryfactorwithcircumferentialangleat a = ~o shows,aswouldbe
expected,thatthesubstantialdifferencebetween%,w~a%,z at e = Oo
is diminishedastheflowisacceleratedto aboutthefree-streamMach
numberat e = W“ ● Now,thereasonsforthedecreaseoflocalrecovery
factorathighanglesofattackarenotclearlyunderstood,althoughit
hasbeensuggestedthata portionoftheti:opcouldbe attributed%0the
effectof stronglocalpressuregradients._Indeed,to date,theresults
of severaltheoreticalinvestigationsindicatethatsuchan effectcould
exist,andinat leastoneexperimentalinvestigationa smalldecreaseof
recoveryfactorwasnotedintheregionof strongpressuregradientsona
sphericalnose(ref.16). However,thereremainsthepossibilitythat”
otherfactorsmaybe contributingtotheobserveddecrease.

Machnumbereffect.-A sizabledecreaseof surfacetemperature,in
responseto thechangeoflocalflowconditionsattheshoulderofthe
cone,is illustratedin figures10(e)and16(b)forregionsoflsminar
boundary-layerflow.It isbelievedthatforthemostpartthisdecrease
canbe relatedtothechangeinlocalMachnumber,forwhenrecove~fac-
torsareevaluatedonthelocal-streambasis(showninfig.16(b)),there
isa goodalinementofthedataintheentirelaminarflowregionat lower
free-streamMachnumbersanda sizablereductionintherecovery-factor
decrementattheshoulderfor Mm = 5.04. InthehighMachnumberrange
ofthesetests,however,thelocal-streambasisofevaluationappearsto
loseeffectiveness,thatis,itno longeraccountsforthetemperaturedrop
attheshoulder.Forexample,the ~r,m decrementshowninfigure10(e)
for ~=6.30 ata= 0° canbe reducedonlyfromtheindicated0.018to
0.014whenthetemperaturedataareevaluatedonthebasisoflocalflow
conditions.AlthoughthereasonforthischangeofbehaviorathighMach
numbersisnotunderstood,a similardecreaseof localrecoveryfactor
(althoughfora muchblunternosecone)hasalsobeenobservedby Sternberg
(ref.15)at Mm = 3.02and3.55.He concludesthatthepressuredropat

.
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theshoulderhad
mentandthatit

a lastingeffectonthesubsequentboundary-layerdevelop-
isnotsufficientto describetheboundary-layerproper-

ties(inthisregion)intermsofthelocalMachnumber.Thus,although
furtherinvestigationisnecessaryto fixtherelationshipbetweenthese
twoindependentobservations,it isindicatedthatundercertainconditions
a strongpressuregradientcan,ofitself,influencerecoverytemperatures.

Localrecoveryfactorsat zeroangleofattackforthepolishedmodel _..
surfacearegivenasa functionoflocalMachnumberIn figure26. The
experimentaldataarecomparedwiththetheoreticalpredictionsof
Polhausen(Npr1/2),VanDriest(ref.17),andYoungandJansseu(ref.18)
forlsminarboundary-layerflow.Theturbulentboundary-layerdataare
comparedwiththetheoriesofAckerman(Npr=ts),VanDriest(ref.19), and
TuckerandMaslen(ref.20). ThePrandtlnumbersofthepresentinvesti-
gationarereferredto thesurfacetemperature,sinceit isprobablethat
thetemperatureoftheairadjacentto thesurfacehasa stronginfluence
uponthemagnitudeofheattransferwithintheboundarylayer.(Notethat
PrandtlnumibersdecreaseatMachnumbersgreaterthan4.5 as a resultof
theheatedwindtunnelairstresm.)Thedatapresentedareindicativeof
therangeofrecoveryfactorsat eachtestMachnumber;intermediatevalues
areomittedforthesakeof clarity.

Thelaminar-boundary-layerdatadonotagreeovertheentireMach
numberrangewithanyofthetheoreticalcurvesalthoughcomparisonis

—

perhapsmostfavorablewiththe Npr,elfzprediction.Thisisnots~-.
prisingsincemodelsurfacetemperaturesarerelativelylow. It iS of
greatersignificance,however,to comparewiththetheoriesofv= Driest
andofYoungandJanssen,sinceeachofthesemayalsobe appliedto the
predictionofrecoveryfactorsforactualflightconditionswheresurface
temperaturesaremuchhigherandthe Npr,e~2 predictionmaynotbe
valid.It canbe seenthatbothofthesetheoriesgiveaboutthesame
agreementintheMachnumberrangeofthisinvestigation.Thecomparison
isgoodatMachnumbersup to 4,withan overestimateofabout1 percent
inthehigherspeedrange.Itmightbe welltomention,inpassing,that
a significantdecreaseof flightrecoveryfactorwithMachnumberis indi-
catedinreferenceI-8,while,in contrast,a muchsmallerdecreaseis
showninreference17. Eckert(ref.21)hasshownthatthisdifference
is,forthemostpart,duetothedefinitionof stagnationtemperaturein
reference18. Inreference18,thestagnationtemperatureusedisthat
fora constantspecificheat(equaltothefree-streamvalue)and,since
a variablespecificheatwasusedin computingtheinsulated-surface
temperature,itisreadilyseenthattheresultantrecoveryfactorwill
decreaseconsiderablyathighflightspeeds.Ifeithera variableor

. averagespecificheatisusedthroughout(e.g.,ref.21)therecovery-
factorpredictionsofreference18wouldnotdifferappreciablyfromthose
ofreference17.

.
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Intheturbulentcasethe Npr,eli~ predictionappearstobe sm
upperboun@ryforrecov~ factorsrepresentativeof fullydeveloped ._
turbulentflow,whilemaximumtransitionvalueslieabove.Themodified
Tucker-Maslentbeor@agreesfavorablyat loWerMachnumbersbutisabout

—

1 percent-lowinthehigherspeedrange.The_turbulenttheoryof
VsmDriest,whichinitspresentdevelopmentisapplicabletobothwind- ‘“- ‘~

-.

tunnelsndflightconditionsatMachnumbersup to about4,doesnot
compareas favorablywiththe

Experimentaltemperature

experimentalda~a. -

CONCLUSIONS

recoveryfactorsweredeterminedona slender
cone-cyiindermodelatMachnumbersup to 6.joandReynoldsnumbersfrom
1.8xI06to lI.OXIOSperfoot.Theanle-of-attackrangewasO

~
0 to 45°at

Machnumberslessthan3.50,0°to25 atMachhuub.er4.23,and0°to 15°
atMachnumbersfrom5.04to 6.30.The”followi-ngconclusionshavebeen
drawnfromtheresultsofthisinvestigation:

1. Temperaturerecoveryfactorsat anglesofattackup to 10°vaxy
ina complexmanner,apparentlyi~responseto changesinthelocation__
andextentoftheboundary-layertransitionregion.

At anglesofattackabove10°,windward-siderecoveryfactors
(free~&resmbasis)graduallyriseas.aresultofadiabaticcompression
to above0.95atanmgle ofattackof 45°,a--valuesome6 percentabove
thezero-anglecase-.Lee-siderecoveryfactorsdecrease,asa resultof
flowseparation,tominimumvaluesintheangle-of-attackrangefrom
@o to 35°. At Mm = 3.02theminimumwas0.83,about7 percent below
thecorrespondingzero-anglevalue.

3* At anglesofattackgreaterthanabout25°,a circ~ferential
recovery-temperaturepatternsimilartothatfora-transversecylinder
ts.developedonthecylindricalafterbody.

4. InthehighReynoldsnumber(lowMachnumber)rangeofthepresent
investigation,theaveragefree-stre=TeU@’Y factorfortheentire~-
facedoesnotexceedthevalueforzeroangleofattackby morethan1 per-
centforanglesofattackup to 35°.

5- Whenbasedonlocalflowconditions,recoveryfactorsonthewind-
wardmeridiangraduallydecreasewithincreasingangleofattack(except

‘Modifiedafterthemannersuggestedinreference22,wherethe
arithmeticmeantemperatureoftheboundary-layerwasusedto definea

/N+l+0.528Mz2\
\Prandtlnumberintheequation~r,z‘ NR sN+l+Mz~ )

—

.—

. .

.

—

—
.—

.
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for theintervalbetween0°and5°) , dropping at ~ = 3.50, from0.86
at zeroangleofattackto 0.81atan angleofattackof 45°onthecone..

6. At zeroangleofattack,recoveryfactors(localflowbasis)for
lsminarboundary-layerflowareinagreementwith Npr,efla(pr~dtln~-
berbasedonwalltemperature),whiletheVsnDriestorYoungandJanssen
predictionsoverestimateby about1 percentatMachnumbersgreaterthan4.
Forturbulentflow Nm,ells establishesanupperlimitforrecoveryfac-
torsbasedon localconditionswhilethemodifiedTucker-Maslentheoryis-
about1 percentlowathigherMachnumbers.

7. For the rage of conditionsinthisinvestigationthereisno
significantvariationofrecoveryfactorwitheitherReynoldsnuaiberor
Machnumberinregionsof eitherlsminarorturbulentboundary-layerflow.
However,theeffectofReynoldsnumberontransitionlocationisa deter-
miningfactorinlee-sidesurfacetemperaturelevels.

AmesAeronauticalLaboratory
NationalAdvisoryCmnmitteeforAeronautics

MoffettField,Celif.,July20,
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TABLE1.-TESTCONDITIONS,TEMPERATUREMODELS

Meridian Free-stresmMachnumber

angle, 3.021 3.50 ‘1 4.23 I 5.ok 16.30
deg Free-streamReynoldsnumberperft/10e

. 11.3 8.6 4.2 8.6 4.2 4.2 1.8 1.8
0,90,

180,270 x x x x x x x x x
0.180 x x x x x

2 0,180 x x x x x
0,180 x x x x x

5 0245,9”0)
17G 7fln mm x x x x x

1101
~>) j ~uu?f=lw

0,45,90,
135,180,270 x x x x x x x x x

n 11= an

--- - , -
U245J90) {

135,180,270 x x

‘,45,90,
180,270 x x

..u--k

.

.
TABLEII.-TESTCONDITIONS,PRESSUREMODEL

Angle Meridian Free-streamMachnumber [
of angle, 3.021 - =n

attack, deg Free-e
deg 861. 11.3
0 0,180 x x , , --, —-, .. -., —-
-1 n-loA -- 1 -. I 1 I -- I I -. I {

_-—-
>.>U I 4.23 [--5.0416.30
rbresmReynoldsnumberperft/l@
)18.61k.218.614~214.21 1.81 1.8

x x x x x x x
I

I -d I U.-LOU I

t

— , —-- ,
4 I ;’~Qn I

a.

I 5 M
1-10

15

x x x x
x x x x
x x x x
x x x x x

x x x x

u ,Luu x x x x x x x x x
43,135 x x x x x x x
90,270 x x x x x x x x
0,180 x x x x x
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